We conducted 10 shots of high-velocity oblique impact experiments (1.95-3.52 km/s) using nylon projectiles and spherical mortar targets. Large craters were formed, but these targets were not disrupted by the impacts. We then calculated the efficiencies of momentum transfer from the projectile to the post-impact target for each experiment. The efficiencies of angular momentum transfer from the translational motion of the projectiles to the rotation of the post-impact targets were also derived. A representative efficiency of angular momentum transfer was calculated to be 0.17 for random successive collisions. The efficiency was applied to an equation expressing the precession angle of asteroids. It is shown that 1989ML, target of Japan-US asteroid-sample-return-mission (MUSES-C) would be tumbling.
Introduction
Collisions between asteroids must have played important roles in their rotational evolution . Spins of fragments from collisional catastrophic disruption of asteroidal parent bodies may dominate the present rotational states of asteroids. All asteroids, on the other hand, have also suffered many impacts that do not shatter them. In a collision without disruption, where the mass of the largest outcome is more than one-half the pre-impact body, a portion of the angular momentum of the translational motion of a projectile is transferred to the rotational angular momentum of the target asteroid (the largest outcome). The angular momentum of each asteroid is considered to accumulate quadratically as a random walk process through successive non-disruptive collisions. Based on these considerations, theoretical models of asteroidal rotational evolution have been developed in the last two decades (e.g., Harris, 1979; Dobrovolskis and Burns, 1984; Davis et al., 1989; Binzel, 1992) .
The brightness of asteroids varies with their rotation because of their non-spherical shape, and the rotational states of asteroids are derived from the observation of their lightcurves. The lightcurves of some asteroids shows double periods. They may be attributed to forced-precession due to gravitational torque of their possible satellites (Binzel, 1985; Prokof'eva et al., 1995) . Collision, on the other hand, changes the rotational state of asteroids and excites their freeprecession, while internal energy dissipation aligns rotational axis with body axes. Burns and Safronov (1973) , hereafter B&S1973, estimated the time scales of the excitation and the dissipation, and suggested the possibility of free-precession of small asteroids.
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It is therefore important to study the angular momentum transfer for non-disruptive collision in laboratory experiments. We do not still well understand the interior structure and the material of asteroids. The size of targets and projectiles is quite different between the asteroidal collision and the experiments, and we have not yet fully-reliable scaling laws to apply laboratory results to asteroids. It is difficult to simulate gravity effect in laboratory. Some of these problems may be solved by numerical simulation (Asphaug et al., 1996 (Asphaug et al., , 1998 Asphaug and Scheeres, 1999) . The impact experiments are however the major source of our understanding on the phenomena at present. Fujiwara and Tsukamoto's (1981) laboratory impact experiments with basaltic targets have shown that 10% of the orbital angular momentum is transferred to the rotation in the non-disruptive collisions. Yanagisawa et al. (1991) first conducted a series of experiments dedicated to obtain the fraction, and discussed the dependences of the fraction on impact angle and the hardness of target material. The impact velocity (less than 1 km/s) and the projectile material (lead and aluminum) in their experiments however are not typical for asteroidal collisions. Shirono et al. (1993) made 10 shots into spherical mortar targets with various impact velocities at fixed impact angle. The fraction transferred to the rotation varies from 0.04 to 0.4, and seems to be independent of the impact velocity, v, at v > 2 km/s.
On the other hand, it has been proved that the fraction of the momentum transferred in the component tangential to target's surface is identical to the fraction of the angular momentum transferred in small cratering impact on spherical targets (Yanagisawa et al., 1996) . The momentum of targets in horizontal component was measured in oblique impacts into horizontal surface of sand by Davis and Weidenschilling (1982) , Gault and Schultz (1986) , and Schultz and Gault (1986) . The momentum of targets is less than 0.5 (0.1-0.2 in most cases) the projectiles' momentum in this component. The fraction of momentum transferred in this component was also studied by Yanagisawa et al. (1996) for various target materials such as mortar, iron, and aluminum. It varies from 0.2 to 0.5 for their mortar targets.
The number of experiments with spherical targets is yet very small at high impact velocity (e.g., v ≥ 2 km/s). In this paper, we measure both the momentum vector and the angular momentum of spherical target in the high-velocity impact, and obtained the efficiency of angular momentum transfer. Then, the effect of non-disruptive collisions on the rotation of 1989ML is discussed. This Near-Earth-Asteroid (NEA) is a target of Japan-US asteroid-sample-return-mission (MUSES-C) scheduled to be launched in 2002 and arrive at the asteroids in 2003 .
Experiments
Projectiles are nylon spheres of 7 mm in diameter and 0.213 g in mass. Targets are made of mortar that was used in Yanagisawa et al. (1996) as Mortar-B. Its mechanical properties are listed there. We filled mixture of mortar powder and water into plastic balls each of which consists of two hemispherical shells, and made it to solidify. The shells were then removed and the spherical targets were allowed to dry completely. We tried to make them uniform and without any void, but some heterogeneity and void were inevitable. Imperfect fitting of the two shells caused a little deviation of the targets' shape from sphere. The largest targets were distorted a little due to the insufficient stiffness of the plastic balls. Each target has a hook to be supported by wire, and pins glued to it to facilitate an accurate measurement of the rotation rate. The diameter of the targets ranges between 60 and 150 mm.
Glass Fiber Reinforced Plastic (GFRP) tape was wound around the equator of the targets, one of the poles of which projectiles hit. We tried to simulate qualitatively the effect of self-gravity with the tape, which prevents slow fragments from dispersing. The gravitational re-accumulation of fragments has been suggested to form asteroids of rubble-pile structure . The gravity may work in this way even in small asteroids while cratering and fragmentation are dominated by targets' strength. The angular momentum of a rubble-pile asteroid is the sum of the orbital and rotational angular momentum of the slow fragments. Preventing the fragments separating each other in the portion distant from the impact point may simulate such phenomena.
The other purpose of using the tape is to prevent the collisional disruption of targets whose surface curvature radius is small. We attempted to examine the effect of the curvature radius on the momentum and angular momentum transfer in the cratering impacts. Spherical targets of small curvature radius (e.g., 30 mm) are too small to avoid collisional disruption without the tapes.
Projectiles were accelerated by a two-stage light gas gun. The trajectory of the projectiles is horizontal. A free fall system made the targets begin free fall less than a few tens of millisecond before impact. The post-impact target motion is thus free from the reaction of the supporting wire. Impact phenomena and the motion of the targets were recorded at 500 frames per second by a high-speed video movie camera (nac HSV-1000). Laser beam passing through gun-barrel was aimed at the targets when we set them up. It is not however guaranteed that projectile's trajectory accurately coincides with the beam. Fortunately, we could record point-like flashes at impact points in two experiments (Shot Nos. L-54 and 55). We assumed that the trajectory of the projectiles was fixed in the recorded frames, and estimated the impact points for the other experiments. Each frame of the highspeed TV consists of 131 horizontal scanning lines. We assumed the standard deviation of the trajectory in vertical direction corresponding to the separation between the adjacent TV scanning lines. No deviation of the trajectory in the direction perpendicular to the projected frame plane is presumed. Projectile's incident angle, θ, measured from surface normal at the impact point and its error are thus derived.
Because the post-impact targets move slowly, they receive blow of propellant gas of the gun. We made some experiments with targets of thin plastic disks that were fired without projectile, or the disks with small central hole through which projectiles pass. We measured the momenta of these targets divided by their cross section and calculated their average. Corrections for the momentum received from the gas, p g , were accordingly made by using to the following formula;
The momentum vector of projectile and the radius of the targets are represented respectively by p and a. The correction amounts to 6 to 44% of the observed targets' momentum in the direction parallel to the projectiles' trajectory. Gun-firing parameters (e.g., the amount of powder) are similar but not identical between the experiments for the gas effect and with the mortar targets. If the correction is inaccurate, it could cause some error in the momentum results. On the other hand, the angular momentum is free from the gas effect.
Results
The momentum vector of the post-impact targets is expressed in the two components shown in Fig. 1 , that is, the normal and tangential components at the impact point. We divide the momentum by the projectiles' initial momentum in each component, and define the efficiencies of the momentum transfer as follows;
where m and M are respectively the mass of the projectiles and the post-impact targets. The velocities of the projectiles and the post-impact targets, V , are measured in a coordinate system where the target is initially at rest. The subscripts n and t denote respectively the normal and tangential components.
The efficiency of angular momentum transfer is defined as
where I and Ω are the moment of inertia and the angular velocity of the post-impact targets. It should be noted that the denominator of Eq. (4) represents the angular momentum of the projectiles around the center of mass of the pre-impact targets while the numerator represents the angular momentum around the center of mass of the post-impact targets. The efficiencies thus defined are listed in Table 1 for all shots. The shape of the post-impact targets was approximated by a sphere a portion of which was cut off by a plane (Fig. 2) . The size of the portion was determined from the targets' mass lost by impact. The moment of inertia around an axis that is parallel to the plane and passes through the center of mass of the post-impact targets was calculated for I in Eq. (4).
We examined the relationship between these efficiencies and the curvature radius of the targets. Target diameters vary from 90 to 150 mm in the three experiments at v ≈ 3.4 km/s and θ = 42
• (Shot Nos. 49, 50, and 52). They vary from 62 to 150 mm in the four experiments at v ≈ 3.3 km/s and θ ≈ 60
• (Shot Nos. 81-84). No clear correlation was found between the diameter and the efficiencies (Table 1) for each set of experiments at the fixed impact velocity and incident angle. However, the number of experiments would not be enough to conclude the negligible effect of the curvature radius on the efficiencies.
We plot ζ L against the incident angle in Fig. 3 . Filled and open symbols represent the results at the impact velocity of about 2.0 and 3.3 km/s, respectively. We took the errors of observed angular velocity, impact velocity, incident angle, and target radius into account to calculate standard errors for ζ L . The error of I is not considered. The smallest value of ζ L at θ = 30
• corresponds to the experiment of the largest specific kinetic energy and the largest fraction of target's mass lost by impact in all our shots (Shot No. L-53). The crater is so large that it occupies the whole area surrounded by the GFRP tape. The tape would affect the ejection of target material. The other plots show clear negative correlation between ζ L and the incident angle. Concordance of results at the two impact velocities indicates weak dependence of ζ L on the impact velocity. The weak dependence is also shown by Shirono et al. (1993) in the velocity range of 2 to 4 km/s. They obtained the efficiency of 0.2-0.3 at θ = 30
• , which agrees to our results. The negative correlation is also shown in the low-velocity impact experiments (Yanagisawa et al., 1991) , and could be a general tendency in oblique impact. Impulse vectors that act over crater surface of a postimpact target are represented by an impulse vector, Φ, that acts at a point (Fig. 4) . We refer to them as the "equivalent impulse" and the "equivalent point of action", respectively. The measurement of both the momentum vector and the angular momentum enables us estimating the location of the equivalent point. The angular momentum vector is perpendicular to the projected plane shown in this figure, and we Impact craters are well approximated by flat surfaces (white straight line segments in the photographs). The perpendicular bisectors of the segments make some angle with the surface normals at the impact points.
take only its magnitude into account. The angular momentum around the center of mass of the initial targets is equal to the moment by the equivalent impulse as follows;
Here, v n and v t are the two components of the impact velocity.
γ a is the distance between the center of mass before and after the impact (Fig. 4) . a is the length from the initial center to the equivalent point. The shape of the post-impact targets is approximated as described above, and their axis of symmetry makes an angle of φ with the n axis. The equivalent points are displaced from the impact points by δ as shown in the figure.
The first term in the left-hand side represents the rotation of the targets around the post-impact center. The second and third terms express the translational angular momentum of the post-impact targets around the initial center, where ηmv n and ζ mv t represent the targets' momentum. The equivalent impulse vector, Φ, is identical to the momentum vector of the target, and the moment is expressed as in the right hand side. We solve the equation for δ giving a free parameter of a . α (Fig. 4) and γ are calculated from the mass loss of the tar- gets. We determined the axis of symmetry of the post-impact targets as the perpendicular bisector of a chord joining the uprange and down-range edges of the projected crater. Whether a piece of fragment is attached to or detached from the targets occurs by chance at the crater edges, and the fragments are sizable in many cases. The error of φ must therefore be fairly large. α, γ , and φ are summarized in Table 2 . We assumed the range of the free parameter a between a and αa. δ for the two extremes of a are listed in Table 2 and shown thematically in Fig. 5(a) . Position angle in the figure is measured as illustrated in Fig. 5(b) . Lines with arrows are the ranges of δ thus derived. The impact points are plotted by triangles. Thick lines represent craters, and the bars at their end correspond to the edge of the craters. In spite of the uncertainties on the approximation for the targets' shape and the derivation of φ, the equivalent points of action are We show the impulse vector in the coordinate system where its origin is the equivalent point and the normal (n ) and tangential (t ) axes are as shown in Fig. 4 . The n axis is directed from the equivalent point to the initial center of the targets, and the t axis makes right angle with it in the projected plane. For the conversion from the n-t system to the n -t system, we used the mean of δ for the two extremes of a . The vectors are normalized to the magnitude of the projectiles' momentum (Fig. 6) . The magnitude of the impulse and the angle between the vector and the normal axis, ψ, are summarized in Table 2 . ψ is small and in the ranges of 7
• -11
• except Shot No. L-52. The n axis is normal to the local surface at "epicenter" just above the equivalent point. The equivalent impulse that acts on non-spherical targets could be extrapolated from these results as follows; the impulse would be nearly normal to the local surface at the epicenter that is located downrange of the impact points.
Discussion
The angular momentum, ∆L, that a spherical asteroid obtains through successive non-disruptive collisions accumulates quadratically as
where ζ L is a function of θ as shown in the previous section. We divide (∆L) 2 by the sum of the squares of the angular momentum of the projectiles' translational motion, and derive a constant that can be used as the efficiency for the random walk process.
For infinite number of random collisions, projectiles' mass and velocity in these equations can be fixed. The summations Fig. 6 . Impulse vectors normalized to the magnitude of projectiles' momentum. n and t components are normal and tangential to the surface at the "epicenter" just above the equivalent point of action. can be replaced by the integration over the asteroidal surface and over the impact direction at each infinitesimal surface element. The integration over the surface is not necessary for spherical target because the contributions of the surface elements are equivalent to one another. We then obtain
to the plots in Fig. 3 except an anomalous one for Shot No. L-53 and obtained ζ 0 L = 0.41. We adopted this function just to make the analytical integration easy. ζ R is then 0.17 from Eq. (8). This value should be used for the efficiency in the formula expressing the asteroidal rotational evolution (equation (10) in Harris, 1979) or precession angle (equation (40) in B&S1973) as long as asteroids are spherical in shape, their material properties are similar to solid mortar, and the extrapolation from laboratory experiments to asteroids' size is valid.
We apply this efficiency to B&S1973 and estimate the precession angle of 1989ML. V -R-I band colorimetric observations suggest the asteroid to be C-type Hicks et al., 1999; Ishibashi et al., 1999) . Its absolute magnitude in V band of H = 18.85 ± 0.04 indicates its size to be about 1 km or less (Hicks et al., 1999) . The gravity would not play important roles in its collisional evolution. The results of laboratory experiments, which can not simulate gravity, therefore could be adopted reliably.
At first, we calculate the time scale for the damping of the precession and collisional lifetime. The equation (24) (10) Parameters in this and the following equations are tabulated in Table 3 with the values used for the calculation. We assume that the physical properties of mortar and asteroidal material would be similar to each other, and adopted the density for the mortar used in the experiments. The rigidity, µ, is calculated from its shear wave velocity and the density. The minimum of Q values in B&S1973 is used because they assumed solid rocks and the value would be smaller for mortar.
Observations of 1989ML by Ishibashi et al. (1999) suggest the lightcurve amplitude of 1.0 in magnitude with the rotation period of 32 hours. On the other hand, Hicks et al. (1999) shows its amplitude of 0.6 in magnitude and the rotation period of 19 hours. Abe et al. (1999) indicates the both possibilities. These observations show non-spherical shape of this asteroid. We assume however that 1989ML is nearly spherical in shape because the efficiency of angular momentum transfer we derived is applicable only to spherical bodies. The shape factor, K 2 3 , is then 0.01 (B&S1973). The rotation period of 1989ML is not well known as described above. We therefore calculated the damping time scales for three rotation period, 5, 10, and 20 hours (Table 4) . Harris (1994) examined the values of µ and Q in Eq. (10). He then calculated the ranges of the diameter and the rotation period of asteroids where the damping time scale is longer than 10 8 , 10 9 , and 4.5 × 10 9 years, respectively. The time scale is larger than 10 8 years at 1 km in diameter if rotation period is more than 8 hours. His results are almost consistent with ours shown in Table 4 .
The lifetime, t f , is obtained by requiring that the probability of the collision with a body larger than m 1 is unity.
where
n(m) is the number density of the impacting bodies per unit mass range, and the values for C and q shown in Table 3 are from B&S1973. We derive m 1 from the specific impact energy needed to shatter a body, Q
